PIEZO1 gain-of-function mutations delay reticulocyte maturation in hereditary xerocytosis.
mutations have recently been reported to occur at a much higher frequency within the population than had been previously described and also implicated in malaria resistance (4) , suggesting that the mechanisms underpinning HX may merit further investigation. Since reticulocytosis is one of the hallmarks of HX(5), we sought to determine whether altered reticulocyte maturation could be a causative agent of this phenotype. We characterize reticulocytes and erythrocytes from 10 HX patients in comparison to healthy controls, revealing alterations in deformability and vesicle content that implicate a maturational defect in HX. We further demonstrate that HX patients suffer from impaired reticulocyte maturation as assayed through differences in the extent and rate of loss of CD71 and RNA content over time and that this effect can be recapitulated in healthy reticulocytes upon chemically-induced PIEZO1 overactivation, providing a functional link to the reticulocytosis phenotype present in HX.
A total of 10 samples were investigated in this study, constituting 9 patients from 6 families with one sample in duplicate. The corresponding hematological parameters can be found in Table 1 . All patients under investigation suffered from mutations in PIEZO1, with the majority displaying reticulocytosis and abnormal mean cell volume values (MCV) . Several patients also displayed anomalous serum ferritin content, which comprised both iron overload and deficiency. Moreover, 3 of the 9 patients had previously been subjected to splenectomy.
Further detail on individual patients is provided in Supplemental Patient Case Histories.
Splenectomy leads to a partial loss of the body's quality assurance system for ensuring the removal of physiologically-altered circulating RBCs(6), the effects of which can be readily observed on the deformability index and cross-sectional area profiles obtained upon examination of the cells with the Automated Rheoscope and Cell Analyzer (ARCA)(7), shown in Figure 1A . Individual scatter plots for each sample are shown in Supplemental . Whilst a potential influence of CD71reticulocytes on the total RBC population cannot be excluded, these results nonetheless illustrate that the effect of PIEZO1 overactivation on deformability only manifests in the transition from the reticulocyte to the RBC as defined by loss of CD71, implicating a potential defect in reticulocyte maturation of HX patients.
Using mitochondrial content as a surrogate measure for intracellular vesicle content, as previously described(8), we proceeded to investigate whether physiological vesicle loss is altered in reticulocytes from HX patients, observing a marked increase in vesicle in both RBCs and reticulocytes from splenectomized HX patients ( Figure 1B) . Surprisingly, a significantly increased vesicle content is also observed in the RBCs from nonsplenectomized patients but not in their reticulocytes, once again indicating that defects occur in HX during reticulocyte transition to the RBC.
To investigate whether an alteration exists in reticulocyte maturation in HX, reticulocytes were isolated from patients and healthy donors and incubated in IMDM (supplemented as previously described (9)) at 37 o C 5% CO 2 for 7 days (168 hours), either alone or in co-culture by layering the reticulocytes onto MS-5 cells (murine stromal cell line). Transferrin receptor (CD71) expression and RNA content (as measured by thiazole orange, TO) was then examined by flow cytometry. Given that reticulocyte maturation normally occurs over a period of 24 to 48 hours after release in circulation(10), the time frame of the experiment was selected so as to ensure that the effects induced by incubation became saturating, that is, that the cells would have reached their maximum possible progression through the maturational process during the experimental conditions used. Co-culture with MS-5 cells was utilized in this study due to previously reported positive effects regarding the capacity of MS-5 cells, or of the microenvironment they generate, to facilitate reticulocyte maturation in vitro(11). The exact mechanism through which MS-5 co-culture induces partial reticulocyte maturation has not been reported as of yet; however, physical cell-cell interaction between MS-5 cells and reticulocytes could constitute one of the contributors to that mechanism. Importantly, since PIEZO1 channel activity (and thus mechanotransduction) is altered in HX patients, effects resulting from physical interaction could be disrupted.
Representative examples of the CD71/TO loss exhibited during maturation by healthy controls and HX patients are shown in Figure 2A , comprising culture both with and without the presence of MS-5 cells. Delayed reduction in the levels of both markers is evident in HX patients, and especially so at the 24 and 48-hour timepoints; however, we also observed that cells from HX patients start the maturational process with higher levels of both CD71 expression and RNA content, an observation that is consistent with the delayed erythroid differentiation recently reported in HX patients(12). Thus, the longer 168-hour timepoint is valuable from the perspective that a delay over the course of 48 hours or even longer would not disrupt the result achieved at the end of maturation. Progression through maturation also differs in both controls and patients depending on whether reticulocytes are co-cultured with MS-5 cells, with RNA being lost independently of co-culture and a more substantial reduction in CD71 content occurring in cells undergoing co-culture. Despite these differences, reticulocyte maturation is significantly delayed in HX patients irrespective of the method used for incubation ( Figure 2B, Figure 2C ). The percentage of cells negative for CD71 and RNA is significantly lower in HX patients after 7 days of incubation with both conditions, illustrating not only the existence of a delay in maturation but also an inability of patient reticulocytes to undergo complete maturation in this system.
In order to investigate whether the observed effect was a direct consequence of PIEZO1 over-activation, we examined whether this maturational phenotype could be recapitulated by treating healthy reticulocytes with Yoda1 (a specific chemical activator of PIEZO1(13)) over an extended period of time, with the added advantage that this method enables the experiment to be initiated from a standpoint of identical starting CD71/TO profiles. We observe a significant delay in maturation rate ( Figure 2D ) upon treatment with 5 µM of Yoda1 which becomes less pronounced over time, likely due to compensatory mechanisms being engaged as a result of continuous PIEZO1 activation. The Yoda1 concentration in use was chosen due to constituting the maximal non-saturating concentration that induces calcium entry (Supplemental Figure 2) . Notably, pharmacological treatment with FK506/Tacrolimus (a calcineurin inhibitor recently reported to abrogate Yoda1-induced effects in erythroblasts(12, 14)) did not ameliorate the delayed reticulocyte maturation phenotype of HX patients (Supplemental Figure 3 ).
Since disrupted calcium homeostasis is a prominent consequence of PIEZO1 overactivity, we hypothesize that elevated intracellular calcium levels account for the observed defects in reticulocyte maturation. However, as calcium is also known to exert widespread influence on cell signaling processes, determining the specific underlying mechanism for the detrimental effects caused by overactive PIEZO1 is a challenging proposition. Nonetheless, this work provides the first evidence that overactivation of PIEZO1 impacts reticulocyte maturation.
Further investigation of the interplay between PIEZO1 activity and that of other ion channels (as well as of downstream signaling pathways) is likely to be of interest for future studies.
In conclusion, we report that hereditary xerocytosis patients with gain-of-function mutations in PIEZO1 suffer from multiple transcriptionally-independent effects caused by PIEZO1 overactivation. These include delayed reticulocyte maturation as assayed by loss of CD71, RNA and intracellular vesicle content and significantly decreased capacity to deform upon completion of maturation, which is exacerbated in patients that have undergone splenectomy. This delay in reticulocyte maturation can be recapitulated through chemical treatment with Yoda1, demonstrating that PIEZO1 overactivation has repercussions beyond impaired hydration and volume homeostasis in the erythrocyte.
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